T HE FRAMINGHAM RISK SCORE is a prediction algorithm used by physicians to estimate coronary heart disease (CHD) risk in middleaged people. 1 Information on age, sex, diabetes mellitus, smoking, blood pressure, total or low-density lipoprotein cholesterol, and high-density lipoprotein (HDL) cholesterol is used to calculate the absolute risk of a CHD event during the next 10 years. The score was originally developed in a small population-based cohort in Framingham, Massachusetts. It has good predictive value in other US populations, 2 but its performance varies considerably between different countries and populations. [3] [4] [5] Consequently, there have been calls to refine the score. 6 Identifying individuals at high risk can target evidencebased treatment, which has been shown in clinical trials to significantly reduce the risk of CHD events. Improved CHD risk prediction can also inform cost-effective prescribing policy.
One of the variables used to calculate the Framingham risk score is a dichotomous variable for the presence or absence of diabetes mellitus. This approach does not account for the increased risk associated with elevated levels of glucose below the diagnostic threshold for diabetes mellitus, 7 which have been demonstrated to have a continuous relationship with cardiovascular disease risk, [8] [9] [10] or for the increased risk associated with high blood glucose levels in diabetic patients. Glycated hemoglobin (HbA 1c ) has been shown to predict cardiovascular disease events and all-cause mortality independently of other cardiovascular risk factors 11 in people with 12 and without 13, 14 diabetes mellitus. Although not approved for the diagnosis of diabetes mellitus, HbA 1c is an easily measured biochemical risk factor that correlates well with ambient glycemia during a 2-to 3-month period. 15 It provides a practical means for assessing hyperglycemia and can be measured using a relatively inexpensive capillary finger prick test at any time of the day under fasting or nonfasting conditions. We hypothesized that the continuous risk factor HbA 1c would improve risk prediction using the Framingham risk algorithms, which include diabetes mellitus as a dichotomous variable.
We tested this hypothesis using data from the European Prospective Investigation of Cancer-Norfolk (EPICNorfolk), an ongoing population-based prospective cohort study. We aimed to explore (1) whether the Framingham risk score predicts CHD events and CHD death and (2) whether adding HbA 1c to the Framingham risk score improves the prediction of CHD.
METHODS
EPIC-Norfolk is a prospective cohort study in which men and women aged 40 to 79 years were recruited from general practices in the Norfolk region, England. Full details of the population are reported elsewhere. 16 In brief, between March 1993 and February 1998, 25 639 individuals underwent a baseline health examination that included anthropometric and blood pressure measurements and completion of a general health questionnaire, with questions on personal and family history of disease, medications used, and lifestyle factors, including smoking habits. Participants were asked to confirm whether they were a current, former, or never smoker. They were also asked whether a physician had ever told them that they had any of the conditions contained in a list that included diabetes mellitus, heart attack, and stroke. In addition, baseline diabetes mellitus status was also ascertained by means of (1) selfreport of diabetes medication use, (2) diabetes medication brought to the baseline health check, (3) the participant indicating modification of the diet in the past year because of diabetes mellitus, or (4) the participant indicating adherence to a diabetic diet. Nonfasting blood samples were collected, and starting in 1995, when funding became available, HbA 1c levels were measured on fresh EDTA blood samples using highperformance liquid chromatography (Diamat Automated Glycated Hemoglobin Analyzer; Bio-Rad Laboratories Ltd, Hemel Hempstead, England).
The Norfolk area is slightly healthier than the general UK population, with a standardized mortality ratio of 93 (source: Office for National Statistics registration data, 2006). However, EPIC-Norfolk is similar to a nationally representative sample regarding anthropometric variables, blood pressure, and serum lipids. 16 We report the results of follow-up to December 31, 2005 , a mean of 8.5 years. All EPIC-Norfolk participants were flagged for death certification at the Office for National Statistics, and vital status was obtained for the entire cohort. Participants admitted to a hospital were identified by their National Health Service number. Hospitals were linked to the East Norfolk Health Authority database, which identifies all hospital contacts throughout England and Wales for Norfolk residents. Participants were identified as having a CHD event during follow-up if CHD was the underlying cause of a hospital admission or death. Coronary heart disease was defined using International Classification of Diseases, Ninth Revision, codes 410 to 414 or International Classification of Diseases, Tenth Revision, codes I22 to I25. These codes encompass the clinical spectrum of CHD (eg, unstable angina, stable angina, and myocardial infarction). Previous validation studies in this cohort indicate high specificity of such case ascertainment. 17 Baseline characteristics are summarized separately in men and women using means and percentages. The number of CHD events, person-years of follow-up, and hazard ratios and associated 95% confidence intervals (CIs) were calculated for different subgroups defined by published baseline covariates. 1 We calculated the Framingham risk score in the EPIC-Norfolk cohort using published Cox proportional hazards regression coefficients for age, total cholesterol, HDL cholesterol, systolic blood pressure, diabetes mellitus, and smoking status. 1 We then calculated 3 novel risk scores by fitting Cox proportional hazards regression models to the EPIC-Norfolk data, each with the log hazard of CHD as the outcome, separately in men and women, and with covariates included as follows: model A-age, total cholesterol, HDL cholesterol, systolic blood pressure, smoking status, and diabetes mellitus; model B-age, total cholesterol, HDL cholesterol, systolic blood pressure, smoking status, and HbA 1c ; and model C-age, total cholesterol, HDL cholesterol, systolic blood pressure, smoking status, diabetes mellitus, and HbA 1c
To compare the discrimination of these risk scores in the EPIC-Norfolk data, we plotted receiver operating characteristic (ROC) curves and compared the areas under the ROC curves (AUROCs) using a nonparametric algorithm. 18 We also computed a Bayes Information Criterion statistic to assess the global fit of each model. 19 We examined the proportion of men and women who would be reclassified into higher-or lower-risk categories between models A and B and between models A and C 20 and calculated the values of the net reclassification improvement (NRI) and the integrated discrimination improvement (IDI) comparing models A and B and models A and C. 21 We calculated a further model using continuous measures of total cholesterol, HDL cholesterol, systolic blood pressure, and HbA 1c , along with dichotomous smoking status and diabetes mellitus variables. Sensitivity analyses were conducted to examine possible differences in baseline characteristics between participants with and without HbA 1c data and whether these might affect the comparison of the different risk scores.
All the analyses were completed using a statistical software program (Stata version 9.0; Stata Corp, College Station, Texas). The EPIC-Norfolk study was approved by the Norfolk Local Research Ethics Committee, and participants gave written consent before the first health check.
RESULTS
We excluded individuals with self-reported CHD at baseline (n=798) and those with missing values for 1 or more of the variables used to calculate the Framingham risk score (n=528). Because HbA 1c measurement started approximately halfway through the data collection period, only 43.6% of the original sample had HbA 1c values. The data set included 4513 men and 5782 women who had complete data available, including HbA 1c levels.
Baseline characteristics of the study population are given in Table 1 . Men and women were a mean (SD) age of 58 (10) years. Social class distributions were similar for the 2 sexes. Women had slightly higher baseline levels of total and HDL cholesterol but lower levels of systolic blood pressure. Men had a higher self-reported prevalence of diabetes mellitus and were slightly more likely to be current smokers than women. The mean (SD) HbA 1c values were 5.3% (0.9%) and 5.3% (0.8%) in men and women, respectively. Table 2 provides the number of CHD events according to different subgroups, with associated person-years of follow-up and hazard ratios and 95% CIs. A total of 430 men (9.5%) and 250 women (4.3%) developed CHD during 8.5 years of follow-up. Age was significantly related to risk of CHD events at follow-up in both sexes. Total cholesterol was positively associated with risk of CHD events in men and women, with those in the highest cholesterol group at baseline (Ͼ282 mg/dL [to convert to millimoles per liter, multiply by 0.0259]) having the highest risk of a CHD event. Similar associations were seen for blood pressure. The HDL cholesterol level was inversely associated with risk of CHD events in men, but the trend was less clear in women. The hazard ratio for a 1% increase in HbA 1c was 1.4 (95% CI, 1.3-1.5) for men and 1.5 (95% CI, 1.4-1.6) for women. Current smoking was associated with a significant risk of a CHD event in women but not in men. Abbreviations: CHD, coronary heart disease; CI, confidence interval; DBP, diastolic blood pressure; EPIC-Norfolk, European Prospective Investigation of Cancer-Norfolk; HbA 1c , glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; SBP, systolic blood pressure.
SI conversion factor: To convert total cholesterol and HDL-C to millimoles per liter, multiply by 0.0259. a Percentages may not total 100 because of rounding. b When SBP and DBP fell into different categories, the higher category was selected for the purposes of classification. Table 3 gives the regression coefficients underlying the original Framingham risk score and those generated from models A, B, and C. The AUROC for the original Framingham risk score in the EPIC-Norfolk was 0.71 for both men and women. In a Cox proportional hazards regression model using the Framingham variables (model A), the AUROC was 0.72 for men and 0.80 for women compared with 0.73 and 0.80, respectively, for a score that included a continuous measure of HbA 1c (model B). In model C, which included diabetes mellitus and HbA 1c , the AUROC remained at 0.73 for men and 0.80 for women. Comparing the ROC curves from models A and B showed that adding HbA 1c to the Framingham risk score significantly improved discrimination in men (P=.005) but did not improve discrimination in women (P =.24). In contrast, comparing models A and C showed that having diabetes mellitus and HbA 1c in the same model improved discrimination in men (P = .002) and in women (P=.04). The Bayes Information Criterion value was similar for all models in men and women, indicating good global model fit.
Reclassifications are summarized in Table 4 and Table 5 . In 430 men who experienced events, model B improved classification in 32 but worsened it in 20, a net gain in reclassification of 2.8%. In the 4080 men who did not experience an event, model B reclassified 244 down and 220 up, a net gain in reclassification of 0.6%. The NRI for model B over model A was, therefore, estimated to be 3.4% (P=.06). There was a small increase in the IDI of 0.52% (P=.06) that can be interpreted as the increase in mean sensitivity given no changes in specificity. The NRI for model C over model A was 2.6% (P=.12), whereas the increase in the IDI was 0.58% (P=.02). In women, the NRI was actually negative comparing model B with model A and model C with model A, although the values were not statistically significant.
The Sensitivity analyses demonstrated that there were differences between participants with and without HbA 1c data for certain baseline characteristics (eg, in men and women, those without HbA 1c data were significantly older and had higher total cholesterol levels, HDL cholesterol levels, and systolic blood pressure [data not shown]). To examine whether this difference would affect the comparison of the calculated risk scores, we compared the AUROC for a score developed NA  NA  6999  4108  6984  4111  6992  4113 Abbreviations: AUROC, area under the receiver operating characteristic curve; CHD, coronary heart disease; CI, confidence interval; DBP, diastolic blood pressure; EPIC-Norfolk, European Prospective Investigation of Cancer-Norfolk; HbA 1c , glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; NA, not applicable; SBP, systolic blood pressure.
SI conversion factor: To convert total cholesterol and HDL-C to millimoles per liter, multiply by 0.0259. a The bottom 2 total cholesterol categories were merged into 1 category (Ͻ201 mg/dL) owing to small numbers in these cells. b When SBP and DBP fell into different categories, the higher category was selected for the purposes of classification.
on all participants using all the variables in the original Framingham risk score with that of a score developed on the subset of participants we actually used to fit model B (ie, excluding participants with a missing value for HbA 1c ). The AUROCs were similar in the 2 analyses, indicating that the comparison of the risk scores was not affected by the exclusion of participants with missing HbA 1c values.
COMMENT
The Framingham risk score performs reasonably well at predicting CHD events in the EPIC-Norfolk cohort, with an AUROC of 0.71 for men and women. Including HbA 1c as a continuous variable made a small (AUC, 1%) but statistically significant improvement to discrimination in men but did not significantly improve discrimination in women. Reclassification was improved slightly in men but, if anything, worsened slightly, albeit not significantly, in women after the inclusion of HbA 1c . Including diabetes mellitus and HbA 1c improved discrimination in men and women, although reclassification was not improved. Thus, the AUC, the NRI, and the IDI lead to broadly similar conclusions. These data reinforce the idea that CHD risk models are associated with misclassification 20 and that the addition of a risk factor that did not make a large difference to the AUC can lead to some reclassification of men and women into different risk categories. These findings have implications for decision making in clinical practice and represent a timely addition to the current debate on cardiovascular risk algorithms. 20, 22, 23 The predictive value of the Framingham risk score in the EPIC-Norfolk cohort is lower than that reported in the original Framingham population.
1 This is not surprising given changes in the nature and distribution of cardiovascular risk factors across time, within and between populations. A recent systematic review 3 of 27 external validity studies found that the performance of the Framingham risk score varies considerably between different countries and ethnic groups. Predicted to observed ratios ranged from an underprediction of 0.43 in a higher-risk population to an overprediction of 2.87 in lower-risk populations. 3 Even in the United Kingdom, regional differences in the risk of CHD mean that the accuracy of the Framingham risk score varies, with overestimation in areas of low incidence 6 and underestimation in socially deprived areas, where the incidence of heart disease is high. 24 Such findings have led to calls to refine the score to identify and target those at high risk and to target appropriate preventive action. 6 The rationale for including HbA 1c as a continuous variable had statistical and practical value in this analysis. Grouping the values of continuous variables into 2 or more categories can lead to (1) a reduction in statistical power as information is lost, (2) possible underestimation of the extent of variation in outcome between groups, and (3) concealment of any nonlinearity in the relation between variable and outcome. 25 At the same time, caution must be exercised in searching for and adding new variables to a CHD prediction model. Colinearity or coexposure to high blood glucose levels and other cardiovascular risk factors, such as smoking, high blood pressure, and dyslipidemia, may have accounted for the lack of extra discrimination when HbA 1c was added to the prediction algorithm in women and the small increase seen in men. Indeed, despite the inclusion of variables that have been shown to be consistently and independently associated with CHD, the models presented in this article showed only modest increases in predictive value. A risk factor must be very strongly associated with a disorder to be a worthwhile screening test, and the strength of the association required to give useful discrimination is often underestimated. 26 Glycated hemoglobin has been shown to be an independent predictor of cardiovascular events and mortality from all causes in people with 12 and without 13,14 diabetes mellitus. However, randomized controlled trials 27, 28 evaluating the efficacy of glucoselowering drugs have largely not shown a significant reduction in cardiovascular events, which remain the major cause of morbidity, mortality, and health service costs in diabetic patients. In the UK Prospective Diabetes Study, 28 strict control of blood glucose levels significantly reduced microvascular complications by 25%, but the study had insufficient power to detect a difference in myocardial infarction. Prevention trials in people with impaired glucose tolerance demonstrate that lifestyle and pharmacologic intervention can reduce progression to diabetes mellitus, [29] [30] [31] but it has not yet been shown that such interventions also diminish the risk of macrovascular complications. Indeed, in the recent DREAM (Diabetes REduction Assessment with ramipril and rosiglitazone Medication) trial, 31 although rosiglitazone (8 mg/d) substantially decreased the risk of progression to diabetes mellitus across 3 years, it was not associated with the expected reduction in cardiovascular risk.
There is a need for closer integration of programs for the assessment of risk of CHD and diabetes mellitus in populations. In addition to enhancing CHD prediction, a simple finger prick test for HbA 1c might improve risk stratification and the management of hyperglycemia and might inform further testing to identify individuals who would benefit from a diabetes mellitus prevention program. However, issues such as cost, standardization, and interpretation in regions with a high prevalence of hemoglobinopathies need consideration before such a program could be implemented.
Measurement errors in determining HbA 1c concentrations and cardiovascular disease outcomes may have been present in this analysis. Blood samples were nonfasting and were collected at different times of the day. We did not have information on specific medications that may have affected glucose metabolism. Four-fifths of the CHD events were nonfatal and were identified by linking records with hospital admission data. Although we could ascertain all deaths in the EPIC-Norfolk, we could not identify all nonfatal cardiovascular events. However, previous validation studies in this cohort indicate high specificity of such case ascertainment. 17 Hospital admission data probably underestimate nonfatal CHD events because not all of them result in hospital admission. Nevertheless, this method probably identifies the nonfatal events of most clinical importance (eg, those resulting in hospital admission). Diagnostic codes for CHD on death certificates may have been inaccurate, 32 and underestimation or random misclassification of CHD events in this cohort may have attenuated the relationship with HbA 1c . There may have been limited power in the models for women because the event rate was low; this may explain the blood pressure coefficients, which do not all fall in the expected direction of effect for models A, B and C. Furthermore, we used logistic AUCs to compare the models, which do not take account of time to event, but we would not expect this to make a large difference to the overall conclusions.
In this large, population-based cohort, we found a significant improvement in the prediction of absolute CHD risk in men with the inclusion of HbA 1c in a Framingham-type risk model. We found no significant improvement in prediction for women. Although HbA 1c may not be a powerful predictor of CHD in this cohort, the degree of reclassification between treatment threshold categories indicates that it still may be important for individual clinical decision making. Further testing of a Framingham-type model including HbA 1c in other cohorts is recommended. It remains unclear whether reduction of blood glucose levels could diminish CHD risk, and randomized controlled trials are needed to assess the effect of lowering blood glucose levels on CHD events in people without diabetes mellitus. November 19, 2007. ing: Khaw and Role of the Sponsors: The sponsors did not participate in the design or conduct of this study; in the collection, management, analysis, or interpretation of data; in the writing of the manuscript; or in the preparation, review, approval, or decision to submit this manuscript for publication. Additional Contributions: We gratefully acknowledge the contributions of the EPIC-Norfolk participants and the EPIC-Norfolk team.
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